Carbon storage and sequestration by urban trees in the United States was quantified to assess the magnitude and role of urban forests in relation to climate change. Urban tree field data from 28 cities and 6 states were used to determine the average carbon density per unit of tree cover. These data were applied to statewide urban tree cover measurements to determine total urban forest carbon storage and annual sequestration by state and nationally. Urban whole tree carbon storage densities average 7.69 kg C m À2 of tree cover and sequestration densities average 0.28 kg C m À2 of tree cover per year. Total tree carbon storage in U.S. urban areas (c. 2005) is estimated at 643 million tonnes ($50.5 billion value; 95% CI ¼ 597 million and 690 million tonnes) and annual sequestration is estimated at 25.6 million tonnes ($2.0 billion value; 95% CI ¼ 23.7 million to 27.4 million tonnes).
Introduction
Urban trees and forests affect climate change, but are often disregarded because their ecosystem services are not wellunderstood or quantified. Trees act as a sink for carbon dioxide (CO 2 ) by fixing carbon during photosynthesis and storing carbon as biomass. The net long-term CO 2 source/sink dynamics of forests change through time as trees grow, die, and decay. Human influences on forests (e.g., management) can further affect CO 2 source/sink dynamics of forests through such factors as fossil fuel emissions and harvesting/utilization of biomass . Trees in urban areas (i.e., urban forests) currently store carbon, which can be emitted back to the atmosphere after tree death, and sequester carbon as they grow. Urban trees also influence air temperatures and building energy use, and consequently alter carbon emissions from numerous urban sources (e.g., power plants) (Nowak, 1993) . Thus, urban trees influence local climate, carbon cycles, energy use and climate change (e.g., Abdollahi et al., 2000; Wilby and Perry, 2006; Gill et al., 2007; Nowak, 2010; Lal and Augustine, 2012) .
Urban areas in the conterminous United States have increased from 2.5% of the U.S. land area (19.5 million ha) in 1990 to 3.1% (24.0 million ha) in 2000, an increase in area the size of Vermont and New Hampshire combined . If the growth patterns of the 1990s continue, urban land is projected to reach 8.1% by 2050, an increase greater than the area of Montana . Within these urban areas, tree cover (circa 2005 ) is estimated at 35.0% (Nowak and Greenfield, 2012b) .
Given the growing expanse of urban areas, trees within these areas have the potential to store and annually sequester substantial amounts of carbon. Understanding this national carbon effect can aid in preparing annual inventories of greenhouse gas (GHG) emissions and sinks (U.S. EPA, 2010; Heath et al., 2011) . Numerous cities in the United States have analyzed carbon storage and sequestration of the trees and forests among various land-use types using the i-Tree methodology (www.itreetools.org) (Table 1) or other methods (Hutyra et al., 2011; Raciti et al., 2012) . In addition, cities outside the United States have also analyzed carbon storage by urban vegetation (e.g., Brack, 2002; Jo, 2002; Chaparro and Terradas, 2009; Zhao et al., 2010; Davies et al., 2011; Strohbach and Haase, 2012) .
In the past, city analyses of carbon storage and sequestration have been extrapolated to national estimates using limited data. The first estimate of national carbon storage by urban trees (between 350 and 750 million tonnes; Nowak, 1993) was based on an extrapolation of carbon data from one city (Oakland, CA) and tree cover data from various U.S. cities (e.g., Nowak et al., 1996) . A later assessment, which included data from a second city (Chicago, IL), estimated national carbon storage by urban trees between 600 and 900 million tonnes (Nowak, 1994) . The most recent analysis, which used data from 10 cities and urban tree cover estimates (Nowak et al., 2001 ) derived from 1991 Advanced Very High Resolution Radiometer (AVHRR) data, estimated national carbon storage by urban forests at 700 million tonnes (range: 335 millione980 million tonnes) (Nowak and Crane, 2002) . Above and below ground biomass in all forestland across the United States, which includes forest stands within urban areas, stored approximately 20.2 billion tonnes of carbon in 2008 (Heath et al., 2011) .
The purpose of this paper is to update the national urban tree carbon storage and sequestration estimates using urban field data from 28 cities and 6 states and newer estimates of urban land area and urban tree cover. This new assessment produces more refined statistical estimates of the uncertainty of the national estimates and investigates the overlap between urban forest carbon estimates and U.S. forestland carbon estimates. These carbon storage and sequestration estimates provide better, more up-to-date information for national carbon estimates (e.g., IPCC, 2006) and can be used to help assess the actual and potential role of urban forests in reducing atmospheric CO 2 .
Materials and methods
The methods of this study used: (a) field data and model analyses from several cities and states to estimate total carbon storage and sequestration in these areas, (b) photo-interpretation of tree cover in these areas to determine carbon densities per unit of tree cover, and (c) photo-interpretation of tree cover in urban and community areas in each U.S. state to estimate statewide urban forest carbon values. As forest values from the national Forest Inventory and Analysis (FIA) program (hereby referred to as "forestland") overlap with urban estimates (because there are forest stands within urban areas), analysis of forestland plots within urban areas was conducted to determine the overlap between national forestland carbon estimates and national urban forest carbon estimates.
The definition of urban is based on population density using the U.S. Census Bureau's (2007) definition: all territory, population, and housing units located within urbanized areas or urban clusters. The definition of community, which includes cities, is based on jurisdictional or political boundaries delimited by U.S. Census Bureau definitions of incorporated or designated places (U.S. Census Bureau, 2007) . Community areas may include all, some, or no urban land within their boundaries, but city areas are often dominated by urban land. As urban land encompasses the more heavily populated areas (population density-based definition) and community land has varying amounts of urban land that are recognized by their geopolitical boundaries (political definition), the category of "urban/community" was created to classify the union of these two geographically overlapping definitions where most people live. Urban land in 2000 occupied 3.1% (24.0 million ha) of the conterminous United States , while urban/community land occupied 5.3% (40.4 million ha) (Nowak and Greenfield, 2012b) .
Forestlands at the national scale, as defined by the U.S. Department of Agriculture (USDA) Forest Service Forest Inventory and Analysis (FIA) program, are areas at least 0.4 ha (1 ac) in size, at least 36.6 m (120 feet) wide, and at least 10% stocked. To be measured as "forestland", plots must also not be affected by a land use that prevents normal tree regeneration and succession such as mowing, intensive grazing, or recreational activities (USDA Forest Service, 2010) . Forestlands are estimated to cover 304 million ha in the United States (Smith et al., 2009) . These forestlands include some areas that fall within urban and community areas.
Field data
Field data were used to determine the entire urban forest structure (e.g., tree species composition and number of trees on all land uses) for 28 U.S. cities and urban areas in 6 states (Table 1) . These cities were sampled based on methods developed by the USDA Forest Service for various urban forest research projects (e.g., Nowak et al., 2008) and national urban forest monitoring (Cumming et al., 2008) . Data collection was based on random sampling of 0.04 ha (1/10 ac) plots (in cities) or 0.067 ha (four 1/24 ac sub-plots) plots (in urban areas of states) and analyzed using the i-Tree Eco (formerly Urban Forest Effects (UFORE)) model . The state plots were based on FIA plot design and data were collected as part of pilot projects testing FIA data collection in urban areas (Cumming et al., 2008) . The number of plots collected varied by location (Table 1) with data collection including tree species, stem diameter at 1.37 m above the ground (DBH), tree and crown height, crown width, crown light exposure, and canopy condition. For each tree sampled, carbon storage and annual sequestration were estimated using biomass and growth equations. To aid in national estimates of carbon storage and sequestration, the carbon data are standardized per unit of tree cover.
Biomass equations
Biomass for each measured tree (minimum tree size ¼ 2.54 cm dbh) was calculated using allometric equations and conversion factors from the literature to estimate whole tree dry weight biomass and carbon (see Nowak, 1994; Nowak et al., 2008) . These equations are based on forest-grown trees, but as open-grown, maintained trees tend to have less above-ground biomass than predicted by forest-derived biomass equations for trees of the same DBH, biomass results for open-grown urban trees were multiplied by a factor 0.8 (Nowak, 1994) . No adjustment was made for trees found in more natural stand conditions (e.g., on vacant lands or in forest preserves). If no allometric equation could be found for an individual species, the average of results from equations of the same genus was used. If no genus equations were found, the average of results from all broadleaf or conifer equations was used.
The carbon estimates yield a standard error of the estimate based on sampling error, rather than error of estimation. Estimation error is unknown and likely larger than the reported sampling error. Estimation error includes the uncertainty of using biomass equations and conversion factors, which may be large, as well as measurement error, which is typically small.
To estimate monetary value associated with urban tree carbon storage and sequestration, carbon values are multiplied by $78.5 per tonne of carbon (range ¼ $17.2e128.7 tC À1 ) based on the estimated social costs of carbon for 2010 with a 3% discount rate (Interagency Working Group, 2010).
Urban Tree growth and carbon sequestration
Measured tree growth rates for street (Frelich, 1992; Fleming, 1988; Nowak, 1994 ), park (deVries, 1987 , and forest (Smith and Shifley, 1984) trees were standardized to length of growing season and adjusted for site competition and tree condition. The measured tree growth rates were standardized to 153 frost free days based on: Standardized growth (SG) ¼ measured growth rate Â (153 O number of frost free days of measurement) . The 153 days was used as the reference length as this was the minimum length of the growing season from the measured data.
Standardized growth rates of trees of the same species or genera were then compared to determine the average difference between standardized street tree growth and standardized park and forest growth rates. Park growth averaged 1.78 times less than street tree growth, and forest growth averaged 2.29 times less than street tree growth. Crown light exposure (CLE) measurements (number of sides and/ or top of tree exposed to sunlight) of 0e1 were used to represent forest growth conditions; 2e3 for park conditions; and 4e5 for open-grown (street tree) conditions. Local tree base growth rate (BG) was then calculated as the average standardized growth rate for open-grown trees (0.83 cm year À1 ) Â number of frost free days O 153. CLE adjusted growth rate was: BG O 2.26 for CLE 0e1; BG O 1.78 for CLE 2e3: and BG O 1 for CLE 4e5 .
The CLE adjusted growth rate was then adjusted based on tree condition to determine the final growth rate. For trees in fair to excellent condition, base growth rates are multiplied by 1 (no adjustment), for trees in poor condition (26e50% dieback) growth rates are multiplied by 0.62, critical trees (51e75% dieback) by 0.37, dying trees (76e99% dieback) by 0.13 and dead trees (100% dieback) by 0 . Adjustment factors are based on percent crown dieback and the assumption that less than 25% crown dieback has a limited effect on growth rates. The difference in estimates of carbon storage between year x and year (x þ 1) is the gross amount of carbon sequestered annually.
Tree death leads to the eventual release of stored carbon. To estimate the net amount of carbon sequestered by the urban trees, carbon emissions due to decomposition of dead trees were calculated based on methods detailed in Nowak and Crane (2002) . To estimate the net carbon sequestration rate, the amount of carbon sequestered due to tree growth was reduced by the estimated amount of carbon lost due to tree mortality and decay.
Tree cover estimates
Tree cover within each sample city was assessed using either photointerpretation or ground plot measurements of tree cover. Tree cover in urban areas and "urban/community" areas in each state was assessed using photointerpretation of aerial images circa 2005 (Nowak and Greenfield, 2012b) .
State and national level estimates
Carbon and tree cover data for individual cities and states were used to calculate the total carbon storage and sequestration values standardized to per unit tree cover (kg C m
À2
; Table 2 ). The carbon storage standardized values were pooled to determine a national average standardized value and associated standard error. The average standardized value was multiplied by tree cover and associated standard error in urban and urban/community areas in each state (Nowak and Greenfield, 2012b) to estimate state and national totals for carbon storage. As tree growth and thus carbon sequestration can vary by length of growing season, the standardized sequestration values for each sampled city/state were divided by its length of growing season (number of days) to determine the average sequestration per day per unit of tree cover. This average value was multiplied by the average length of growing season and tree cover for each state to estimate state and national totals for annual carbon sequestration.
Overlap with forest estimates
As national forestland (FIA) data contains data from forest stands in urban areas, and the national urban forest data contains data from forest stands in urban areas, there is an overlap between the two estimates. This overlap leads to doublecounting carbon when combining the two estimates for national scale analyses. To estimate the amount of overlap between urban forest and forestland estimates, urban boundaries were overlaid on national FIA plot locations using a geographic information system. Each FIA plot was classified as to whether the plot was 100% forested, partially forested (data were collected only on forested portions of the 4 sub-plots) or 100% non-forest (no data collected).
To estimate the number of FIA plots where data were collected in urban areas within a state, 100% of forested plots were assumed to be sampled, non-forest plots were assumed to be not sampled by field crews, and the number of partial forest plots sampled was estimated as number of partial plots times the average percent urban tree cover in the state (e.g., if tree cover was 50%, then half of the partial forest plots were assumed to be measured). The number of FIA plots measured in urban areas was contrasted with the total number of FIA plots measured in each state to determine the proportion of FIA plots sampled in urban areas.
Results
Average carbon storage per square meter of tree cover varies by sampled city and state ( value ¼ $2.9 billion). However, it should be noted that Alaska contains 17% of the total U.S. urban/community area due to its relatively large community boundaries. If urban/community estimates focus on the conterminous United States, the carbon storage, annual gross sequestration and annual net sequestration estimates drop to 1.1 billion, 44.7 million, and 33.1 million tonnes, respectively (Table 3) . In terms of national overlap between conterminous U.S. forestland estimates and urban forest estimates, 13.7% of urban land, or about 38.6% of all urban tree cover, is measured by the U.S. forest inventory plots. From the national forest plot perspective, about 1.5% of all forestland plots are in urban areas in the conterminous U.S. (9.3 million ha) (Table 4) . Carbon storage that is accounted for in both the national forestland and urban forest estimates ranges from 247 million tonnes using the 38.6% urban overlap estimate to 303 million tonnes using the 1.5% national forestland overlap estimate.
Discussion
Trees and forests in U.S. urban areas (circa 2005) store 643 million tonnes of carbon (639 million tonnes of carbon in the conterminous U.S.). This new estimate is within range of past estimates for the conterminous U.S. (circa 1990 estimate ¼ 700 million tonnes; Nowak and Crane, 2002) , but due to the new data, the current estimate has a reduced bound of error. The 95% confidence interval (CI) for the current carbon storage estimate is between 597 million and 690 million tonnes. However, this bound of estimate is conservative as the error estimate is based on sampling error, and does not include estimation error. If community land is combined with the urban land, the total estimate rises to 1.36 billion tonnes with a 95% CI between 1.25 and 1.47 billion tonnes. The relative standard error (SE/total) for carbon storage in urban areas varied among the states from 0.18 to 0.37. Most of this variation is due to differences in SE of tree cover estimates as states had variable sample sizes in estimating tree cover.
Given the potential available space (pervious land) in urban areas of 74.5% or 17.7 million ha (Nowak and Greenfield, 2012b) , carbon storage could increase in the United States. However, given the limitations to tree growth and establishment in urban areas imposed by humans (e.g., mowing) and nature (e.g., lack of precipitation), increasing carbon storage in urban areas is not likely without a major effort to change current conditions (both social and physical). As tree cover in urban areas in the United States is on the decline (Nowak and Greenfield, 2012a) , carbon storage in urban areas are also likely on the decline. Long-term monitoring of urban forests is needed to better understand rates of changes in urban areas and provide better estimates of long-term carbon trends.
Carbon storage by trees in forestlands nationally was 20.2 billion tonnes in 2008 (Heath et al., 2011) . Given the overlap between urban and U.S. forestland estimates for above and below-ground carbon in trees, total U.S. tree carbon storage including urban and forestland areas is estimated at 20.6 billion tonnes. Carbon storage by urban trees nationally is about 3.2% of the estimated carbon stored in U.S. forestland and urban forest trees combined.
Urban tree carbon storage and sequestration in a state is a function of the total amount of urban tree cover. Generally, states in forested regions have higher percent urban tree cover than urban areas in grassland or desert regions (Nowak et al., 2001; Nowak and Greenfield, 2012b) . Thus forested regions will typically have the greatest urban forest carbon densities per unit land area. Carbon density per unit of tree cover range from 3.1 to 14.1 kg C m À2 and have less variation than carbon estimates per unit of land cover. The carbon per unit of tree cover varies among cities based on variations in tree density, tree size distributions, and species composition.
The estimated rate of carbon storage per square meter of tree cover has decreased from 9.25 kg C m À2 (Nowak and Crane, 2002) to 7.69 kg C m À2 . This reduction is due to an increased availability of data and better tree cover estimates derived from photo- interpretation. Storage rates per square meter of tree cover in urban areas (7.69 kg C m À2 ) are slightly larger than those found within forestlands (7.24 kg C m À2 ) (Heath et al., 2011) . However, this forestland estimate assumes 100% tree cover, which is likely leading to an underestimate of carbon storage per unit of tree cover. Carbon density rates in this study vary substantially among cities/states from 3.14 to 14.1 kg C m À2 cover. This wide range in values illustrates the importance of local forest structure on carbon densities and the need for more local data to refine estimates. This range in values has been illustrated in other studies as well. In the Seattle, WA region, above-ground live carbon storage has been estimated at 8.9 kg C m À2 with 57% tree cover, which equates to 15.6 kg C m À2 of tree cover. These regional values are greater than the urban estimates in our study as the regional values include significant amounts of peri-urban forest stands. When focused on the urban lands, estimates were 0.2 kg C m À2 in heavy urban land uses (6% tree cover; or 3.3 kg C m À2 of tree cover); 1.5 kg C m À2 in medium urban land uses (21% tree cover; or 7.1 kg C m À2 of tree cover); and 3.6 kg C m À2 in low urban land uses (31% tree cover; or 11.6 kg C m À2 of tree cover) (Hutyra et al., 2011) . Storage values in our study are comparable to the medium urban land uses in the Seattle region. In three cities in middle Korea: Chuncheon, Kangleung, and Seoul, mean carbon storage by woody plants ranged from 0.47 to 0.72 kg C m À2 for urban lands (Jo, 2002) , which equates to 3.85e 5.58 kg C m À2 of tree cover. Annual carbon sequestration values in these urban areas ranged from 0.41 to 0.62 kg C m À2 of tree cover year
À1
. Values in more natural land uses in Korea ranged from 2.6 to 5.87 kg C m À2 of tree cover for carbon storage and 0.16e 0.39 kg C m À2 of tree cover year À1 for sequestration assuming 100% tree cover in these areas. The storage values are slightly lower than the U.S. urban average likely due to differences in forest structure.
Annual sequestration rate per unit of tree cover are higher likely due to higher growth rates compared to the U.S. average. In Leipzig, Germany, carbon storage averaged 6.82 kg C m À2 of tree cover, but varied from 0.68 kg C m À2 of tree cover in afforestation areas to 9.85 kg C m À2 of tree cover in riparian forests (Strohbach and Haase, 2012) . In Barcelona, Spain, carbon storage averaged 4.45 kg C m À2 of tree cover, but varied from 1.53 kg C m
À2
of tree cover in commercial/industrial areas to 9.67 kg C m À2 of tree cover in institutional areas (Chaparro and Terradas, 2009 ). In Hangzhou, China, carbon storage averaged 4.28 kg C m À2 of tree cover (Zhao et al., 2010) . Within urban areas of the Boston metropolitan area, above-ground carbon storage (live trees, dbh > 5 cm) was estimated at 10.6 kg C m À2 of tree cover (Raciti et al., 2012 ).
This value is higher than the national average, but within the range from other U.S. cities (Table 2) . Carbon density rates in this national study (maximum rate of 14.1 kg C m À2 cover) are substantially lower than the maximum above-ground carbon density for all vegetation in treed areas in Leicester, England (28.1e28.9 kg C m À2 ) (Davies et al., 2011) and estimates for total carbon within human settlements (23e 42 kg C m À2 ) (Churkina et al., 2010) . The human settlement estimates are higher because they account for all carbon (e.g., vegetation, buildings); the Leicester tree estimate could be higher due to increased tree densities (Davies, pers. comm., 2012 (Lewandrowski et al., 2004) . The national average gross sequestration rate per square meter of tree cover is estimated at 0.306 kg C m À2 year
À1
, but varies among the states from 0.168 to 0.581 kg C m À2 year À1 based on length of growing season (Table 3 ).
The net sequestration is estimated at 0.226 kg C m À2 year
. Sequestration rates will vary locally based on tree sizes, tree health, and growth rates associated with species and site conditions. Net annual carbon sequestration is positive for growing forests, but sequestration rates will diminish through time as the forest matures. The sequestration will become negative during periods of forest decline and/or loss when carbon emissions from dead trees (e.g., decomposition, fire) exceed carbon uptake by live trees.
The carbon estimates are based on available data from select cities and states, not a random sample of urban areas. However, the standardization of carbon values per unit tree cover allows these standard values to be applied to actual tree cover within an area to provide a reasonable estimate of carbon storage and sequestration. The estimates are reasonable as they are based on, and therefore account for, local tree cover values and local growth rates. State level results would vary from the given estimates if tree diameter distribution, tree density, and to a lesser extent, species composition, varied from the national average per unit of tree cover. Local and national estimates can be improved through field data collection to estimate local forest structure and carbon storage and sequestration.
In addition to direct carbon storage and sequestration reported in this paper, urban trees can also affect carbon emissions in urban areas. Planting trees in energy-conserving locations around buildings (e.g., Heisler, 1986) can reduce building energy use and consequently emissions from power plants. Transpirational cooling and changes in albedo due to trees alters urban microclimates that can also reduce carbon emissions from cities (e.g., reduced evaporative emissions with lower air temperatures). Additionally, urban tree management practices need to be considered when estimating the net effects of urban trees on atmospheric CO 2 as various maintenance activities emit carbon back to the atmosphere via fossil-fuel combustion (e.g., from chain saws, trucks, chippers) . As urban areas produce substantial emissions of carbon, tree effects on carbon emissions through altering of microclimates, albedo, energy use, and maintenance emissions need to be incorporated with tree storage and sequestration estimates to develop a more complete assessment of the role of urban forests on climate change.
Urban soils are estimated to store approximately 1.9 billion tonnes of carbon in the United States , three times more than urban trees. More research is needed on the cumulative effects of trees, soils and their management in urban areas (e.g., Pataki et al., 2006) though carbon estimates for urban ecosystems are improving through time as new data become available. Monitoring of urban and other non-forest areas will help improve carbon estimates in urban and other traditionally non-forested landscapes. A better understanding and accounting of urban ecosystems can be used to develop management plans and national policies that can significantly improve environmental quality and human health across the nation.
